Abstract Captive longfin eels (Anguilla dieffenbachii) were exposed to the vertebrate pesticide sodium fluoroacetate (1080) in the water column and through the ingestion of cereal pellet baits or possum muscle and gut tissue that contained 1080 residue. No mortality or unusual behaviour (in comparison with the controls) occurred in eels that were exposed to 1080. However, significantly greater weight loss occurred in eels exposed to 1080 compared with those eels that were not. No residue was detected in tissues of eels exposed to 1080 cereal baits through ingestion and direct (dermal and respiratory) absorption, or through direct absorption only. Low concentrations of 1080 were detected in muscle tissue of eels that consumed contaminated possum muscle (x = 0.0174 µg/g) or gut (x = 0.0306 µg/g) tissue. The primary factors affecting the concentration of 1080 detected in eel tissue included the dose of 1080 (mg/kg) that each eel received and number of days since the eel last fed on contaminated tissue. Based on the 1080 concentrations measured in eels in this study, the risk of acute poisoning to humans from eating contaminated eel flesh is considered extremely low. Even so, national and international perceptions and food safety standards have the potential to limit eel exports and/or close an eel fishery if 1080 residue was discovered in tissue.
INTRODUCTION
Aerial application of vertebrate pesticide sodium fluoroacetate (1080) is used extensively in New Zealand's inland highland regions to control introduced pests such as the Australian brushtail possum (Trichosurus vulpecula) (Green 2004) . Maori and other groups within the general public have a wide range of concerns about the use of vertebrate pesticides, especially 1080. The potential for inadvertent poisoning or residual contamination of non-target species, particularly mahinga kai (traditionally harvested foods) and commercially valuable species, is a significant issue (Weaver 2003; Green 2004 ). In some areas longfin (Anguilla dieffenbachii Gray) and shortfin eels (Anguilla australis Richardson) are still a frequent part of the diet for Maori and the potential transfer of 1080 residues from mahinga kai resources to human health is a prominent concern (Green 2004) . Eels are also valued for their spiritual, mythological, economic, and nutritional significance (Taylor 1992; Evison 1993; Ataria 2001) .
Eels represent an important recreational and commercial fishery for New Zealand (Jellyman 1992; Graynoth & Jellyman 2002) . The total allowable commercial catch (TACC) for the South Island is 420 130 kg, whereas the proposed TACC for the North Island is 686 000 kg (R. Necklen, Ministry of Fisheries pers. comm. 2004) . Approximately a third of the TACC consists of longfin eels, whereas two thirds are shortfin eels (R. Necklen, Ministry of Fisheries pers. comm. 2004) . About 663 000 kg of processed (i.e., smoked, frozen, live) eel were exported in 2003, representing an industry that is currently worth an estimated NZ$6.1 million annually (S. Meathrel, Seafood Fishing Industry Council pers. comm. 2004 ).
New Zealand Journal of Marine and Freshwater Research, 2005, Vol. 39 Although there has been no evidence of significant or prolonged 1080 contamination in New Zealand streams and rivers , concerns remain that eels may be poisoned or incur 1080 residues after aerial possum baiting operations. The primary and secondary poisoning of longfin and shortfin eels through consumption of 1080 cereal baits or poisoned possum carcasses in water was raised as a priority by Ngai Tahu representatives in a vertebrate pesticide hui held in Christchurch, August 2001 and subsequent runanga meetings (P. Fisher pers. comm.) .
Research of the effects of 1080 on aquatic macrofauna is limited to acute toxicity testing in a few fish species (e.g., rainbow trout-Oncorhynchus mykiss; bluegill sunfish-Lepomis macrochirus; Batcheler 1978; Rammell & Fleming 1978; Fagerstone et al. 1994; Fisher 2003) . These data indicate that fish are relatively resistant to 1080 in comparison to mammals and birds (Eisler 1995; Ataria et al. 2000) . The concentrations of 1080 in water that cause toxic effects in freshwater fish are orders of magnitude higher (e.g., 54-1000 mg/litre) (Batcheler 1978; Fagerstone et al. 1994) , than the infrequently detected concentrations in water associated with aerial 1080 bait application in New Zealand (e.g., 0.004 mg/litre) . Although existing pharmacokinetic data for birds and mammals indicate sub-lethal doses of 1080 will be metabolised and excreted within 1 week (Eason et al. 1994; Ataria et al. 2000) , we were unable to find studies that assessed the persistence of 1080 in fish. No scientific data exist regarding the risk of exposure and effect of 1080 on freshwater eels, however the most likely routes for exposure were considered to be: direct absorption (dermal or respiratory) from 1080 present in the water column (primary exposure); oral route via the consumption of 1080 cereal baits that enter waterways, combined with dermal and respiratory absorption (primary exposure); and oral route via the consumption of possums poisoned by 1080 (secondary exposure).
The objectives of our study were to determine the effect of exposing captive longfin eels to 1080 from cereal pellet baits deployed in the water column via: (1) ingestion and dermal absorption; and (2) dermal absorption only. Secondly, to determine the effect of exposing captive longfin eels to 1080 through the ingestion of possum muscle and gut tissue that contained 1080. Finally, to measure the concentration of residual 1080 in eel muscle tissue following primary and secondary exposure.
MATERIALS AND METHODS

Preparation of possum tissue
This study was conducted at Landcare Research, Lincoln, between 1 June 2003 and 31 July 2004. Fourteen wild-caught possums housed at Landcare Research's animal facility, were fed0.15%1080(6g ACP Wanganui No. 7 cereal baits) cereal pellet baits until death. An additional 15 wild-caught possums that had not been exposed to toxins or any prior experimental regime were euthanased humanely. Muscle and gut tissues from the poisoned and nonpoisoned possums were separated into: (1) contaminated muscle; (2) contaminated gut; (3) uncontaminated muscle; and (4) uncontaminated gut. The rationale for separating tissues was that higher concentrations of 1080 have been detected in gut tissue than muscle tissue in poisoned possum (Department of Conservation Pesticides Database Toxin Report 2003). The tissue in each category was minced and mixed to ensure a homogeneous 1080 concentration, because 1080 is distributed disproportionately throughout muscle and particularly gut tissue in poisoned possums (Gentle et al. 2005) . Subsamples of muscle and gut tissue (5 g) from each category were submitted to Landcare Research's toxicology laboratory (NZS/ISO/IEC 17025) for analysis of 1080 concentration. Muscle and gut tissue were examined for 1080 using a modified method described by Ozawa & Tsukioka (1987 , 1989 . Lamb intestines were filled with either minced contaminated or uncontaminated possum muscle or gut tissue and small amounts of the encased tissue were pinched off to create a string of boluses. These were then dried, cut into single units, and used either as food (uncontaminated tissue) or a medium to deliver 1080 to eels. On average, possum muscle and gut tissue boluses weighed 1.51 g (SE = 0.05 g, n = 200) and 1.05 g (SE = 0.04 g, n = 200), respectively. Tissue boluses were frozen (-20°C) until required, thawed 3 h before feeding, then coated in ground fish pellets (Aquarian™) to increase palatability.
Housing, husbandry, and euthanasia of longfin eels
The experiment was conducted as two trials. Immediately before each trial, 48 longfin eels were caught with fyke nets from streams in the Kaikoura district and brought into captivity at the Landcare Research animal facility, Lincoln. Longfin eels were used because they are the most common eel species in the inland highland regions where aerial 1080 operations occur. Eels between the weight range of 1245 220 g and 430 g (450-550 mm length) were used to represent the cohort of longfin eels most commonly caught in the commercial Otago and Southland fisheries (D. Jellyman, NIWA pers. comm. 2004) .
Eels were housed in 12 black polyethylene holding tanks (a working volume of 350 litres) with lids. Holding tanks were configured for continuous water flow-through, and connected to a header tank that drew water from an artesian well. Header tanks were retrofitted with air stones and air pumps to facilitate the removal of excess dissolved gasses. Effluent water from the tanks was flushed into the Animal Facility wastewater system. Three acrylic partitions were installed in each tank to create four lanes per tank into which one eel per lane was placed (88 litres of water per lane). This enabled individual feeding rates to be measured while eliminating aggressive behaviour between individuals. Holes (15 mm diam.) were drilled in each end of the acrylic partitions to enhance water flow through each lane. Each lane was irrigated by a drip nozzle located above the waterline at the end wall opposite to the water drain and a PVC pipe (80 mm diam.; 500 mm length) was placed in each lane to provide shelter for the eels.
Upon arrival at the animal facility, eels were randomly assigned to a lane to avoid "catcher bias". Each eel was weighed at the beginning and end of each trial. To assist acclimatisation eels were left undisturbed for 5 days before feeding started. All eels were fed uncontaminated possum muscle boluses every second day for 21 days before the experimental phase. Uneaten food and faecal matter was removed the day following feeding. The amount of food each eel consumed was monitored for the duration of the trial. A 2-day fasting period was imposed before starting the 1080 exposure experiments. Experimental treatments were randomly assigned to each of the 12 tanks before starting the exposure experiments. All eels were monitored on a daily basis for mortality and clinical signs of toxicosis. All trials were conducted in an indoor facility under controlled ambient room temperature (16°C) and photoperiod (12 h simulated daylight). Water temperature (using a Data Sonde 6920 YSI®) was recorded every 30 min in two tanks over two 48-h periods before each trial began. Water flow (litre/min) was also measured in each lane twice during each trial.
At the end of each trial, eels were anaesthetised by immersing them for 3-5 min in ice-cold water containing 0.1-0.3 mg/ml 3-aminobenzoic acid (MS222, SIGMA) solution that was buffered with potassium phosphate buffer (0.1 M final concentration; pH 7.0). Each eel was then weighed and euthanased by decapitation.
Trial 1: Exposure of eels to 1080 in water and baits
Cereal pellet 1080 baits (RS5-nominal 0.15% w/w 1080, ACP, Waimate, New Zealand) were used as the current industry standard for aerial baiting operations. The mean weight of baits used was 12.4 g with an assayed 1080 concentration of 0.16% w/w (1600 ug/g-uncertainty 95% CI is ± 9%). Sixteen 1080 cereal baits (one bait per lane) were put into four tanks (Pellet Accessible treatment). Sixteen 1080 cereal baits were wrapped in plastic mesh and suspended (one bait per lane) in the water column of another four tanks (Pellet Mesh treatment). The remaining four tanks contained no cereal pellet baits (Control). Water samples (70 ml) were collected at the drainage point of each tank at 0,5, and 48-h after the addition of the 1080 cereal baits. Eels continued to be fed uncontaminated possum muscle tissue throughout the duration of Trial 1. Eels were euthanased and their tissue sampled 96 h after starting the experimental exposures.
Trial 2: Exposure of eels to 1080 in poisoned possum
Tanks were randomly assigned to one of four treatment groups (contaminated possum muscle tissue; contaminated possum gut tissue; uncontaminated possum muscle tissue; and uncontaminated possum gut tissue), and each treatment group consisted of 12 eels. The mean concentrations of 1080 in the possum muscle and gut tissue boluses were 1.4 ug/g (SD = 0.1, n = 2) and 8.3 ug/g (SD = 0.4, n = 2), respectively. Eels were presented with a total of 28 boluses of the appropriate food on 10 occasions over an 11-day period. On the first occasion, each eel was presented with only one bolus, but on the following nine occasions, three boluses were presented each time. Uneaten boluses were removed the following day after each feeding. Eels were euthanased and their tissue sampled 12 days after starting the experimental exposures.
Chemical analysis of tissue and water samples
Approximately 25 g of muscle tissue was removed from the "true" left side of each eel and stored frozen at -70°C. Tissue samples were submitted to Landcare Research's toxicology laboratory for 1080 analysis. The 1080 concentration in water was quantified by gas chromatography according to Ozawa & Tsukioka (1987) . Tissue 1080 concentrations were determined using a modified protocol of the Ozawa & Tsukioka (1989) methodology. Tissue samples were homogenised in an alcohol/ water mixture, deproteinised, centrifuged, filtered, and passed through an ion-exchange column. Eluent from the tissue sample preparatory phase and the tank water samples were then acidified with hydrochloric acid and 1080 therein converted to the dichloraniline derivative, using dicyclohexylcarbodiimide and 2,4-dichloraniline. The derivative was then extracted with ethyl acetate, cleaned on a 1000 mg silica solid phase extraction cartridge column to remove excess derivatising agent, eluted with toluene, and quantified by gas chromatography (BP-5 capillary column) using electron capture detection. The method (TLM005, Landcare Research) is IANZ accredited with a detection limit of 0.002 ug/g (2 parts per billion-ppb) for tissue that has a method uncertainty (95% CI) of ± 17%. The method detection limit for water is 0.0001 (j.g/ ml (0.1 ppb) with a method uncertainty (95% CI) of ± 12%. Thus, given the extensive validation and ongoing quality control only two replicates of each sample were required to fulfill IANZ protocol.
Statistical analysis
The differences in pre-and post-trial weights of eels from Trial 1 and Trial 2 were shown to be roughly normal using Shapiro-Wilk Normality Tests so were compared using paired t tests. The number of boluses that eels from treatment and control groups consumed in Trials 1 and 2 were compared using unpaired t tests. The concentration of 1080 (ug/ml) in water samples taken from Pellet Accessible and Pellet Mesh treatments 5 h after pellet deployment in Trial 1 were compared using an unpaired t test. The relationship between flow rates and residual 1080 concentrations in water from Trial 1 was assessed using analysis of covariance (Crawley 2002) . In Trial 2, pre-and post-trial weights of eels from each of the treatments were compared using a linear mixed model (Genstat Committee 2002) . In this model, tanks were set as the random effect while 1080 (possum tissue with or without 1080), tissue (possum muscle or gut tissue), and the interaction between 1080 and tissue were used as fixed effects. The concentrations of 1080 residues in eels that (1) consumed contaminated muscle and gut tissue at any stage during the trial and (2) consumed contaminated muscle and gut tissue in the last 3 days of the trial were compared using unpaired two sample t tests. Correlations between 1080 residue in eel tissue and (1) the number of days since the eel last fed and (2) post-experimental weights of eels were assessed using Spearman's Rank Correlation. The dose (mg/ kg) of 1080 each eel ingested was compared with the corresponding 1080 residue concentration in eel tissue at the end of Trial 2 using a linear regression model. All statistical methods (Zar 1999 ) and analyses of data were conducted in S-Plus (Crawley 2002) and Genstat® Version 6.1 (Genstat Committee 2002) with tests compared at the 0.05 level of significance.
RESULTS
Trial 1: Exposure of eels to 1080 in water and baits Cereal 1080 baits (Pellet Accessible treatment) disintegrated into small particulate matter and spread across the bottom of the tanks within 5 h. No eels were observed eating the cereal 1080 baits, nor was 1080 cereal bait found in the digestive tracts of eels during necropsy. Cereal pellets that were encased in mesh maintained their physical structure for the duration of the experiment. No mortality or unusual behaviour (in comparison with control eels) occurred in eels that were exposed to 1080 cereal baits during this trial. collected from the 12 tanks immediately before the start of the experiment. Five hours after the addition of the bait to the water column the mean concentrations of 1080 in water samples from the Pellet Accessible and Pellet Mesh treatments were 0.057 ug/ml and 0.025 ug/ml, respectively (t 6 = 3.54, P = 0.012; Fig. 1 ). At 48 h, these concentrations declined to less than the Method Detection Limit (e.g., <0.0001 ug/ml) and 0.0038 ug/ml in the Pellet Accessible and Pellet Mesh treatments, respectively ( A 12% decline in the mean weight of eels from the treatment group between the beginning (x = 376 g; SD = 90 g) and end (x = 330 g; SD = 72 g) of Trial 1 (t 31 = 2.08, P = 0.046) was observed. Control eel weights declined by 8% between the beginning (x = 425 g; SD = 102 g) and end (x = 391 g; SD = 104 g) of the trial, although this decline was not significant (t 15 = 1.21, P = 0.245). No difference in the number of boluses consumed by eels in treatment and control groups was detected (% = -1.46, P = 0.152).
Trial 2: Exposure of eels to possum tissue containing 1080 residues
Mean water temperatures were 14.9°C (SD = 0.1 °C) and 16.4°C (SD = 0.6°C). Mean flow rates of water through the tanks measured at the 5-day and 12-day stages were 0.459 litre/min (SE = 0.008 litre/min; n = 48) and 0.466 litre/min (SE = 0.010 litre/min; n = 48), respectively.
Palatability of these tissues differed with eels preferring muscle tissue to gut tissue (Table 1) . However, not every eel consumed the 1080 contaminated food it was offered. Eight eels consumed contaminated muscle tissue at some point, whereas nine eels consumed contaminated gut tissue. Eels exposed to uncontaminated tissue had a similar preference for muscle, although a greater number of eels consumed muscle tissue compared with gut tissue (Table 1) . No mortality or unusual behaviour (compared with control eels) occurred in eels that were fed possum muscle or gut tissue contaminated with 1080 during this trial. No 1080 was detected in water samples before the experimental phase or 5 and 12 days after initiating the feeding regime.
Of the eight eels (out of 12) that consumed contaminated muscle tissue at any stage during the trial, low concentrations of 1080 were detected in five (x = 0.0174 ug/g; SD = 0.0104 ug/g). Of the nine eels (out of 12) that consumed contaminated gut tissue at any stage during the trial, low concentrations of 1080 were detected in three (x = 0.0306 ug/g; SD = 0.0220 ug/g). The difference in 1080 residue concentrations in those eight eels that consumed either contaminated muscle or gut tissues was not statistically significant (t 6 = -1.19, P = 0.280). Factors affecting the concentration of 1080 residue detected in eel tissue were the dose of 1080 (mg/kg) each eel ingested (t 15 = A.I A, P < 0.001); and days since the eel last fed on contaminated muscle or gut tissue (r s = -3.12, P = 0.007; Fig. 3 ). We detected 1080 residue in the tissues of one eel 9 days after it last ate contaminated possum gut tissue (Fig.  3) . However, no significant difference was detected in the concentrations of 1080 found in the tissue of the nine eels that consumed boluses of contaminated muscle (= 0.0124 ug/g; SD = 0.0120 ug/g; n = 7) or gut (x = 0.0380 ug/g; SD = 0.0255 ug/g; n = 2) in the last 3 days of the trial (t = 2.17; d.f. = 1;P = 0.067). This is despite a two-fold difference in average 1080 concentration in eel tissues from the two treatments. No relationship was found between the concentration of 1080 residue in eel tissue and post-experimental weights of eels (r s = -5493, P = 0.583).
A 4% decline in the mean weight of eels from the two treatment groups between the beginning (x = 543 g; SD = 144 g) and end (x = 523 g; SD = 144 g) of Trial 2 was measured (% = 2.70, P = 0.013). Control eel weights declined by 1% between the beginning (= 509 g; SD = 124 g) and end (x = 503 g; SD = 128 g) of the trial, although this decline was not significant fe = 0.89, P = 0.382). No difference in the number of boluses consumed by eels in treatment and control groups was detected (t 46 = 0.43, P = 0.667). No difference was found in pretrial weights of eels from the 4 groups in Trial 2. However, by the end of the trial, eels that were fed muscle tissue were heavier (x = 560 g) than those that were fed gut (x = 466 g; % 2 = 5.49, P = 0.019).
DISCUSSION
Risks to longfin eels from eating cereal 1080 baits (primary exposure)
There was no evidence to suggest that eels would eat RS5 cereal pellets, and no 1080 residues were detected in the tissues of eels that had access to baits (Trial 1). A relatively rapid disintegration (<5 h) of free cereal pellets in water (Pellet Accessible treatment) was observed, which was accompanied by a pulse of 1080 (at 5 h) leaching from the bait matrix and subsequent decrease in 1080 concentration owing to dilution (at 48 h). These observations suggest that under normal field conditions, the risk of acute primary poisoning of eels by baits in water is very low, because eels do not find the baits palatable, and RS5 baits that reach flowing water are likely to break down and the 1080 to dissipate, through dilution and/or water flow, within a few hours. Though the eels in this study did not eat 1080 cereal baits, there may be field bait application scenarios where cereal pellet baits may degrade or detoxify more slowly and therefore be available to eels for a longer time period than observed in this trial (e.g., if they reach standing water, or become caught in weeds in streams, or if bait formulations more resistant to water penetration are used). However, assuming that eels have a similar susceptibility to 1080 as other freshwater teleosts (e.g., LC 50 = 54 mg/litre), the theoretical risk of acute primary poisoning of eels by baits remains low because it is unlikely that eels would have access to sufficient bait in one feeding to receive a toxic dose.
Risks from environmental (water) exposure
In Trial 1, the highest 1080 concentrations were measured in the water at 5 h after baits were deployed (Fig 1) . Even when exposed to the relatively high water concentration of 1080 in this experiment (24-56 times higher than 1080 that has been detected after aerial 1080 operations ) no mortality, abnormal behaviour or 1080 residues were detected in these eels. However, eels from the two treatment groups in Trial 1 lost 4% more of their body weight than those in the control group. This suggests that there was a treatment effect, even though no 1080 residues were detected in the tissues of eels from Trial 1. The sub-lethal concentrations of 1080 in the water may have been sufficient to inhibit eel metabolism over the short exposure period (5 days), resulting in the observed weight loss. This is consistent with the welldescribed mode of action of 1080 viz. in vivo metabolism to fluorocitrate, which inhibits energy production in the tricarboxylic acid (Krebs) cycle (e.g., Peters 1954; Atzert 1971; Eason et al. 1994; Eisler 1995) .
Although no 1080 acute toxicity data have been reported for eels, lethality studies involving marine bluegill sunfish in the United States demonstrated that water concentrations of 970 mg/litre of 1080 had no effect on the fish after 96 h of exposure (Fagerstone et al. 1994) . This is equivalent to placing 8841 RS5 cereal baits (0.16% w/w) into one lane of the eel holding tanks. In another experiment, the 96 h LC 50 value for rainbow trout was calculated as 54 mg/litre (Fagerstone et al. 1994) . This is equivalent to placing 492 RS5 pellet baits in one lane. Furthermore, a New Zealand study has shown that fingerling trout (genus and species not provided) suffered "no visible effects" when subjected to 1080 concentrations of 500 mg/litre and 1000 mg/litre (Batcheler 1978) . Assuming that the longfin eel has a similar susceptibility to 1080 as other fish species, then toxicity owing to exposure to a single bait is very low.
In the field, the concentrations of 1080 in water resulting from aerial operations are likely to be low . Baits entering waterways will likely disintegrate quickly and the released 1080 diluted by the flow rate of the waterway. Again, exceptions to this could occur with baits that are slower to break down in water and/or baits that land in stagnant water bodies. However, standard aerial 1080 baiting operating procedures, although varied between regions, generally have a 20-m exclusion zone around major waterways >3 m wide (Green 2004; N. Hancox, Animal Health Board pers. comm.) . Given the results of water monitoring for 1080 after aerial operations to date , it is considered unlikely that wild populations of eels would be exposed to harmful 1080 concentrations in water. However, aerial bait application may occur over smaller waterways (<3 m wide) that may contain eels (Burnet 1969) . Transect monitoring has shown up to 21 (6 g) pellet baits per 100 m can enter a 3-m-wide waterway after an aerial 1080 operation (Suren & Bonnett 2004; A. Suren, NIWA pers. comm.) .
Risks from scavenging possum carcasses or other organisms contaminated with 1080 (secondary exposure) There was no mortality or adverse effects observed in eels up to 12 days after they ingested possum muscle or gut tissue contaminated with 1080, although 1080 residues were detected in some of these eels, indicating that a sub-lethal exposure had occurred. The highest concentrations of 1080 were detected in eels that had consumed poisoned tissue 1 day before sampling (Fig. 3) . Also, 1080 residues were detected in the tissue of an eel 9 days after ingesting contaminated possum gut tissue. This persistence of 1080 in the eel tissue could be the result of contaminated possum gut tissue having a relatively high concentration of 1080 (i.e., 8.3 ug/g) compared with contaminated possum muscle tissue (1-4 ug/g).
Similar to Trial 1, eels in the two treatment groups of Trial 2 lost a greater amount of weight (3%) over the trial period compared with eels in the control group. We do not believe this weight loss could be attributed to differences in feeding behaviour of eels in treatment and control groups because no difference was observed in the number of boluses consumed between groups. This suggests that the sub-lethal 1080 exposure presented to eels through ingestion of contaminated possum tissue may have been sufficient to temporarily inhibit eel metabolism and cause a slight weight loss. The impact of this level of weight loss on the survival or fitness of eels is unknown. Greater weight loss in eels that were presented gut tissue could be explained by the apparently lower palatability of that tissue.
It would be useful to estimate the persistence of contaminated possum carcasses in waterways to help determine the likely duration of secondary exposure of scavenging eels to 1080. Anecdotal evidence indicates that 20-30 eels (largest eel c. 9 kg) can consume an entire eviscerated possum carcass within a day (J. Jones, Department of Conservation, Mt Bruce Wildlife Centre pers. comm.). The secondary exposure of eels to 1080 would largely depend on the time a poisoned possum carcass is available to eels and the rate at which 1080 degrades within a carcass. The rate of 1080 degradation is likely to be New Zealand Journal of Marine and Freshwater Research, 2005, Vol. 39 dictated by whether a possum dies and falls in or close to a waterway. One freshly-dead possum was found in a waterway, and another within 2 m of it, along a 100-m stretch of stream after an aerial 1080 operation at Mt Grey, Canterbury (A. Suren, NIWA pers. comm.). However, based on the LD 50 for fish, it is unlikely that an eel could eat a sufficient amount of contaminated possum tissue to receive a lethal dose.
Secondary exposure to 1080 could also occur if eels eat freshwater organisms that have been exposed to or consumed 1080 baits. In a recent study, freshwater crayfish or koura (Paranephrops planifrons), a prey species of longfin eels, have been shown to consume 1080 cereal pellet baits resulting in body 1080 concentrations up to 7.7 ug/g (Suren & Bonnett 2004) . This concentration is similar to that measured in poisoned possum gut tissue boluses used in this study. Therefore consumption of contaminated koura might lead to detectable concentrations of 1080 occurring in eel tissue.
Factors affecting 1080 concentrations in eels
A number of factors affected the concentration of 1080 in eel tissue. Contaminated possum gut tissue had approximately six times the concentration of 1080 as did contaminated muscle tissue. The two eels that consumed toxic gut tissue in the last day of feeding had three times the amount of 1080 in their tissue as did those that consumed contaminated muscle tissue. Interestingly, mean concentrations of 1080 in eels that ate contaminated gut and muscle over the entire experimental period were very similar. This was largely because three-quarters of the eels that consumed contaminated gut tissue at some point during the experiment had no detectable 1080 residues in their tissue.
The dosage of 1080 (mg/kg) each eel received was a significant factor in determining 1080 concentration in eel tissue. Results from this study suggest the dose an eel receives is the most important factor in determining 1080 concentration, rather than weight (or size) of an eel. Not surprisingly, based on existing knowledge of pharmacokinetics of 1080 (Eason et al. 1994) , time was also an important factor affecting final 1080 concentrations in eel tissue. The highest concentrations of 1080 in eel tissue occurred in those eels that consumed contaminated tissue in the final day of feeding in Trial 2, although a relatively high concentration of 1080 (0.016 ug/g) was detected in an eel 9 days after it last ate contaminated gut tissue. Prolonged persistence of 1080 in animals after sub-lethal exposure is unlikely, and this has been confirmed for rabbits, goats, possums, sheep, and ducks (Eason et al. 1993 (Eason et al. ,1994 Ataria et al. 2000) .
The concentration of 1080 in those eels that ate contaminated possum muscle tissue on the last day ranged from 0 ug/g to 0.032 ug/g (Fig. 3) . This variation could be attributed to a combination of factors including different depuration rates between individuals and/or the amount of tissue being metabolised by individual eels (i.e., amount of tissue eaten over the trial period). The eel with 0 ug/g of 1080 residue in its tissues fed only 11% of the time, however the eel with the second lowest 1080 concentration (0.003 ug/g) fed 92% of the time.
The perceived risk of 1080 residue in eel tissue New Zealand Ministry of Health guidelines state that domestic food products must be equal to or less than the provisional maximum acceptable value (PMAV) of 0.002 ug/g or 2 ppb (Wright 2001) . However, the New Zealand Food Safety Authority regulations state 1080 residue should be no more than the detectable limit (0.001 ug/g or 1 ppb) in food products (New Zealand Food Safety Authority 2005, http://www.nzfsa.govt.nz/policy-law/legislation/ food-standards/nz-food-standards-2004-mrl.pdf [accessed 29 August 2005] ). We detected 1080 residues in eel tissue that were on average 12 times higher than the PMAV, 1 day after eels consumed contaminated tissue. This suggests a withholding period for eel harvest after an aerial 1080 operation should be implemented. Calculating the length of this period is difficult based on the results from this study.
On the basis of the 1080 residues measured in eels by this study, the acute risk of poisoning to humans from eating contaminated eel flesh is improbable. If an 80-kg person ate a daily 200 g portion of eel that contained the average 1080 residues detected in this study (0.024 ug/g), they would receive a dose of 0.060 ug/kg/day. This intake is slightly below an "acceptable human exposure" derived by applying a conservative 1000-fold safety factor (Eason et al. 1999) to the "no-observed-effect levels" (i.e., 0.075 ug/kg/day) (Eason & Turck 2002) .
Even so, national and international perceptions and food safety standards have the potential to limit eel exports and/or close an eel fishery if 1080 residue was discovered in tissue. The recall of venison exports in 2002 by the Ministry of Agriculture and Forestry owing to the perceived risk of 1080 contamination from wild deer recovered by helicopter operators in areas closed after a 1080 operation (K. Briden, Department of Conservation pers. comm.) is evidence of this.
